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DIRECTLY BONDED,
LATTICE-MISMATCHED SEMICONDUCTOR

DEVICE

This disclosure was made with U.S. Government support
under Contract No. NRO000-11-C-0368. The U.S. Govern-
ment has certain rights 1n this disclosure.

FIELD

The disclosed system and method relate to a semiconduc-
tor device and, more particularly, to a directly bonded, lattice-
mismatched semiconductor device.

BACKGROUND

Water joining technology may be used to integrate various
properties from different materials into one compact process-
compatible material system. Waler joining technology has
great potential. For example, joining GaAs or InP-based
materials to other semiconductor materials may result 1n the
integration of optical, photovoltaic, and electronic devices
and enhance the performance of computers, solar cells, light
emitting diodes and other electronic devices.

Group I1I-V semiconductor materials are comprised of one
or more elements from Group 111 of the periodic table and one
or more elements from Group V of the periodic table. One of
the limitations of Group I11-V semiconductor devices, such as
mult1 junction solar cells, 1s the need to incorporate various
lattice-matched device components within a semiconductor
device. Specifically, lattice-matching may limit the possible
bandgap combinations between device components 1n the
semiconductor device. Thus, 1n an effort to expand or widen
the bandgap combinations between various device compo-
nents within a semiconductor device, mverted metamorphic
(IMM) technologies may be employed to grow device com-
ponents that are lattice-mismatched to their growth substrate.
Specifically, IMM technologies may invert the usual growth
order of device components, where the lattice-mismatched
device components may be grown last. Moreover, multiple
transparent buller layers may be used to absorb the strain of
the lattice-mismatch between various device components.
However, incorporating multiple transparent buffer layers
may 1ncrease the cost of the semiconductor device. Moreover,
the resulting semiconductor device grown using IMM tech-
nologies may require an additional device handle, which also
adds cost to the semiconductor device.

In another approach to create a semiconductor device, lat-
tice-matched materials of specific bandgap combinations
may be directly bonded to one another. A sacrificial lateral
etch layer and an epitaxial lift-off process may be employed
to recycle the growth substrate 1n an effort to reduce cost.
Some examples of the growth substrate include GaAs-based,
InP-based, and GaSb-based materials. However, there still
ex1sts aneed for a cost-etlective semiconductor device having
a relatively wide range of bandgap combinations between
device components.

SUMMARY

In one embodiment, a semiconductor device may include a
first subassembly and a second subassembly. The first subas-
sembly may include a first bonding layer and a first substrate.
The second subassembly may include a second substrate and
a second bonding layer that may be directly bonded to the first
bonding layer. The first bonding layer and the second bonding,
layer may be lattice-mismatched with one another. At least
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one of the following may be selected: the first bonding layer
1s lattice-mismatched to the first substrate, and the second
bonding layer 1s lattice-mismatched to the second substrate

In another embodiment, a method of making a semicon-
ductor device may include providing a first subassembly
comprising a first bonding layer and a first substrate. The
method may also 1nclude providing a second subassembly
comprising a second substrate and a second bonding layer.
The method may also include directly bonding the first bond-
ing layer and the second bonding layer together. The first
bonding layer and the second bonding layer may be lattice-
mismatched to one another. At least one of the following 1s
selected: the first bonding layer may be lattice-mismatched to
the first substrate, and the second bonding layer 1s lattice-
mismatched to the second substrate.

Other objects and advantages of the disclosed method and
system will be apparent from the following description, the
accompanying drawings and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an 1illustration of an embodiment of a preas-
sembled structure including a first subassembly and a second
subassembly;

FIG. 2 1s an illustration of the first subassembly and the
second subassembly shown 1n FIG. 1 directly bonded to one
another to create a semiconductor device;

FIG. 3 1s an exemplary process tlow diagram 1llustrating a
method of fabricating the semiconductor device shown in
FIG. 2;

FIG. 4 1s an 1llustration of another embodiment of a preas-
sembled structure including a first subassembly and a second
subassembly;

FIG. 5 1s an illustration of the first subassembly and the
second subassembly shown 1n FIG. 4 directly bonded to one
another to create a semiconductor device;

FIG. 6 1s an exemplary process flow diagram illustrating a
method of fabricating the semiconductor device shown in
FIG. 5;

FIG. 7 1s an 1llustration of yet another embodiment of a
preassembled structure including a first subassembly and a
second subassembly;

FIG. 8 1s an illustration of the first subassembly and the
second subassembly shown 1n FIG. 7 directly bonded to one
another to create a semiconductor device;

FIG. 9 1s an exemplary process tlow diagram 1llustrating a

method of fabricating the semiconductor device shown in
FIG. 8.

DETAILED DESCRIPTION

As shown 1n FIG. 1, a preassembled structure 100 accord-
ing to an embodiment of the disclosure may include a first
subassembly 102 and a second subassembly 104. The first
subassembly 102 may include a first water 110 and a first
bonding layer 120 directly adjacent and upon a first surface
110a of the first water 110. The first water 110 may be a
semiconductor selected from group III-V materials. In an
embodiment, the first waler 110 may be selected from the
group consisting of silicon (S1), germanium (Ge), GaAs-
based, InP-based, GaP based, GaSbh-based, Ga(In)N-based
materials. The first surface 110a of the first water 110 may be
a surface of a material layer selected from the group consist-

ing of silicon (S1), germanium (Ge), Galllum Arsenide
(GaAs), Indium Phosphide (InP), Gallium Phosphide (GaP),

Galllum Antimonide (GaSb), Gallium Indium Arsenide
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(GalnAs), Gallium Indium Phosphide (GalnP), Gallium
Indium Nitride Ga(In)N materials.

The first bonding layer 120 may be epitaxially grown upon
the first surface 110a of the first water 110. In one embodi-
ment, the first bonding layer 120 may be an (Al)(Ga)InP(As)

(Sb) material having a relatively high dopant concentration
equal to or greater than about 5x10'%/cm”. It is to be under-
stood that a relatively high doping concentration may not be
necessary for suificient mechanical bonding, but may be

needed for achieving a low electrical resistance across a
bonded interface (shown 1n FIG. 2 as a bonded interface 150).

However, 1f a low electrical resistance across the bonded
interface 150 1s not required, then a relatively high doping
concentration in the first bonding layer 120 may not be nec-

essary. As used herein, and as conventional 1n the art, the use
of parentheses 1n the (Al)(Ga)InP(As)(Sb) material indicates
that the incorporation of aluminum, galllum, arsenic, and
antimony 1s optional. In the embodiment as shown 1n FIG. 1,
the first bonding layer 120 may be lattice-matched to the first
waler 110, and may include a first bonding surface 120a.

The second subassembly 104 may include a second water
130 and a second bonding layer 140. In the embodiment as
shown 1 FIG. 1, the second bonding layer 140 may be
directly adjacent and upon a second surface 130a of the
second waier 130. In one non-limiting embodiment, the sec-
ond water 130 may be a Ge substrate water. However, 1t 1s to
be understood that the second waiter 130 may be constructed
ol other materials as well such as, for example, GaAs. The
second waler 130 may be used as a growth substrate as well as
for structural support. Specifically, the second water 130 may
be used as a substrate for epitaxial growth of the second
bonding layer 140 as well as the main mechanical support for
an assembled semiconductor device 200 (shown 1n FIG. 2).

In one embodiment, the second watfer 130 may include an
active GGe subcell 134. However, 1t 1s to be understood that in
some embodiments, the Ge subcell 134 may be omitted. In
one exemplary embodiment, the Ge subcell 134 may 1include
an energy bandgap of about 0.67 eV. The Ge subcell 134 may
be created by a diffusion of dopants into a surface layer of the
second water 130. In other words, the Ge subcell 134 may not
be epitaxially grown. Thus, the Ge subcell may be part of the
second water 130.

The second bonding layer 140 may be epitaxially grown
upon the second surface 130q of the second water 130. Simi-
lar to the first bonding layer 120, 1n one embodiment the
second bonding layer 140 may also be an (Al)(Ga)InP(As)
(Sb) material having a relatively high dopant concentration
equal to or greater than about 5x10'%*/cm”. It is to be under-
stood that a relatively high doping concentration may not be
necessary for suilicient mechanical bonding, but may be
needed for achieving a low electrical resistance across the
bonded interface (shown 1n FIG. 2 as the bonded interface
150). However, 1 a low electrical resistance across the
bonded interface 1s not required, then a relatively high doping,
concentration 1n the second bonding layer 140 may not be
necessary.

In the exemplary embodiment as shown in FIG. 1, the
second bonding layer 140 may be lattice-matched to the sec-
ond wafer 130 of the second subassembly 104. However, 1t 1s
to be understood that in other embodiments the second bond-
ing layer 140 may also be lattice-mismatched to the second
water 130 as well, and are described 1n detail below and

illustrated 1n FIGS. 4-9. The second bonding layer 140 of the

second subassembly 104 may be lattice-mismatched to the
first bonding layer 120 of the first subassembly 102. In all the
embodiments as described and shown 1n FIGS. 1-9, the first
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bonding layer 120 and the second bonding layer 140 may be
lattice-mismatched to one another.

FIG. 2 1s an illustration of the semiconductor device 200
according to an embodiment of the disclosure, where the first
bonding layer 120 and the second bonding layer 140 have
been bonded together to join the first subassembly 102 to the
second subassembly 104. In one embodiment, the semicon-
ductor device 200 may be a photovoltaic device, a solar cell,
a light sensor, light emitting diode, or a transistor.

The first subassembly 102 and the second subassembly 104
may be directly bonded to one another by placing the first
bonding layer 120 and the second bonding layer 140 in direct
contact with one another, where heat and pressure may be
applied to bond the first subassembly 102 and the second
subassembly 104 together. Referring to FIGS. 1-2, the first
bonding surface 120aq and a second bonding surface 140aq
may be placed 1n contact with one another, and diffuse
together to form the bonded interface 150. In one embodi-
ment, the first bonding surface 120q and the second bonding
surface 140a may be polished prior to bringing the first bond-
ing layer 120 and the second bonding layer 140 into contact.
In one embodiment, the polishing may be performed by
Chemical Mechanical Polishing (CMP), with bonding per-
formed using conventional water bonding equipment.

Once the first bonding surface 120a and the second bond-
ing surface 1406 have been placed into contact with one
another, the first subassembly 102 and the second subassem-
bly 104 may be heated to a bonding temperature of between
about 300° C. to about 500° C. The semiconductor device 200
may be heated at a pressure of between about 20 ps1 and about
50 psi1. The semiconductor device 200 may be heated under
pressure for about 20 to 300 minutes.

Direct semiconductor bonding with (Al)GalnP(As)(Sb)
bonding layers has achieved bond strength greater than 4.1
J/m?, electrical resistance as low as 0.3 Ohm-cm? and optical
transparency ol greater than 97% across a bonded interface
(e.g., the bonded interface 150 as shown 1n FIG. 2). After
direct bonding, the first water 110 may be removed.

FIG. 3 illustrates an exemplary process flow diagram of a
method 300 for creating the semiconductor device 200 as
shown 1 FIG. 2. Referring generally to FIGS. 1-3, method
300 may begin at block 302, where the first bonding layer 120
may be epitaxially grown upon the first surface 110a of the
first water 110 of the first subassembly 102. As discussed
above, the first bonding layer 120 may be lattice-matched to
the first water 110. Method 300 may then proceed to block
304.

In block 304, the second bonding layer 140 may be epi-
taxially grown upon the second surface 130a of the second
waler 130 of the second subassembly 104. As discussed
above, the second bonding layer 140 may be lattice-matched
to the second water 130. However the second bonding layer
140 of the second subassembly 104 may be lattice-mis-
matched to the first bonding layer 120 of the first subassembly
102. Method 300 may then proceed to block 306.

In block 306, the first subassembly 102 and the second
subassembly 104 may be directly bonded to one another at the
first bonding surface 120a and the second bonding surface
140q, thus creating the semiconductor device 200 (shown 1n
FIG. 2). Specifically, the first bonding surface 120a and the
second bonding surface 140aq (FIG. 1) may be placed 1n
contact with one another, and heated to the bonding tempera-
ture. The first bonding layer 120 and the second bonding
layers 140 diffuse together to form the bonded interface 150
(seen 1n FIG. 2). Method 300 may then terminate.

FIG. 4 1llustrates an alternative embodiment of preas-
sembled structure 400 according to an embodiment of the
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disclosure. The preassembled structure 400 may include a
first subassembly 402 and a second subassembly 404. The
first subassembly 402 may include a first water 410, semi-
conductor layers 412, and a first bonding layer 420. The
semiconductor layers 412 may be directly adjacent and upon
a first surface 410q of the first wafer 410. In one embodiment,
the semiconductor layers 412 may be a photovoltaic device,
or a solar cell having one or more subcells. The first bonding
layer 420 may be directly adjacent and upon a semiconductor
surface 412a of the semiconductor layers 412. Similar to the
embodiment as described above and shown in FIGS. 1-3, the
first water 410 may be a semiconductor selected from group
I1I-V materials. In an embodiment, the first wafer 410 may be
selected from the group consisting of silicon (S1), germanium
(Ge), Gallium Arsenide (GaAs), Indium Phosphide (InP),
Gallium Phosphide (GaP), Gallium Antimonide (GaSb), Gal-
ltum Indium Arsenide (GalnAs), Galllum Indium Phosphide
(GalnP), Gallium Indium Nitride Ga(In)N materials.

The semiconductor layers 412 may be epitaxially grown
upon the first surface 410q of the first water 410. The semi-
conductor layers 412 may be lattice-matched to the first watfer
410. The first bonding layer 420 may be epitaxially grown
upon the semiconductor surface 412a of the semiconductor
layers 412. Similar to the embodiment as shown 1n FIGS. 1-3
and described above, the first bonding layer 420 may be an
(AD)(Ga)InP(As)(Sb) material, and in one embodiment may
have arelatively high dopant concentration equal to or greater
than about 5x10"'%/cm”. The first bonding layer 420 may also
be lattice-matched to the first water 410, and may 1nclude a
first bonding surface 420a.

The second subassembly 404 may include a second water
430, a bufler layer 432, semiconductor layers 436, and a
second bonding layer 440. In the embodiment as shown 1n
FIG. 4, the butler layer 432 may be directly adjacent and upon
a second surface 430a of the second water 430. The semicon-
ductor layers 436 may be directly adjacent and upon a buifer
surface 432a of the bulfer layer 432. The second bonding
layer 440 may be directly adjacent and upon a semiconductor
surface 436a of the semiconductor layers 436.

Similar to the embodiment as described above and shown
in FIGS. 1-3, the second water 430 may be a Ge substrate, and
may be used as a growth substrate as well as for structural
support. Specifically, the second water 430 may be used as a
substrate for epitaxial growth of the bulfer layer 432 as well
the main mechanical support for an assembled semiconductor
device 500 (shown 1n FIG. §). The buffer layer 432 may be
epitaxially grown upon the second surface 430a of the second
waler 430. In one embodiment, the second wafter 430 may
include an active Ge subcell 434. However, 1t 1s to be under-
stood that 1n some embodiments, the Ge subcell 434 may be
omitted.

In the embodiment as shown in FIG. 4, the buifer layer 432
may be epitaxially grown upon the second surface 430q of the
second waler 430. The buffer layer 432 may be a metamor-
phic transparent graded bufler. In the embodiments as
described, the term transparent may be defined as a transmis-
s10n of equal to or greater than about ninety-seven percent of
the light or electromagnetic radiation of a wavelength for
activating a cell or subcell disposed underneath. The buifer
layer 432 may be used to epitaxially grow material that 1s
lattice-mismatched to the second water 430. For example, 1n
the embodiment as shown 1n FI1G. 4 the bulfer layer 432 may
be used to grow the semiconductor layers 436. The semicon-
ductor layers 436 may be lattice-mismatched to the second
waler 430. The bulfer layer 432 may absorb the strain of
lattice-mismatch, and generally prevents the vertical propa-
gation ol dislocations.

5

10

15

20

25

30

35

40

45

50

55

60

65

6

The second bonding layer 440 may be epitaxially grown
upon the semiconductor surface 436a of the semiconductor
layers 436. The second bonding layer 440 may include a

second bonding surface 440q. Similar to the first bonding
layer 420, the second bonding layer 440 may be an (Al)(Ga)

InP(As)(Sb) material, and may have a relatively high dopant
concentration equal to or greater than about 5x10"%/cm”. In
the embodiment as shown 1n FIG. 4, both the semiconductor
layers 436 and the second bonding layer 440 of the second
subassembly 404 may be lattice-mismatched to the second
waler 430. The second bonding layer 440 may be lattice-
matched to the semiconductor layers 436. Moreover, the first
bonding layer 420 of the first subassembly 402 may be lattice-
mismatched to the second bonding layer 440 of the second
subassembly 404.

FIG. 5 1s an 1llustration of the semiconductor device 500
according to an embodiment of the disclosure, where the first
bonding layer 420 and the second bonding layer 440 have
been bonded together to join the first subassembly 402 to the
second subassembly 404. Similar to the embodiment as
shown 1n FIG. 2, the first subassembly 402 and the second
subassembly 404 may be directly bonded to one another by
placing the first bonding layer 420 and the second bonding
layer 440 1n direct contact with one another, where heat and
pressure may be applied to bond the first subassembly 402
and the second subassembly 404 together. Referring to FIGS.
4-5, the first bonding surface 420a and the second bonding
surface 440a may be placed 1n contact with one another, and
diffuse together to form the bonded interface 450.

FIG. 6 illustrates an exemplary process flow diagram of a
method 600 for creating the semiconductor device 500 as
shown in FIG. 5. Referring generally to FIGS. 4-6, the
method 600 may begin at block 602, where the semiconduc-
tor layers 412 and the first bonding layer 420 may be epitaxi-
ally grown upon the first water 410 of the first subassembly
402. Specifically, the semiconductor layers 412 may be
grown upon the first surface 410q of the first water 410, and
the first bonding layer 420 may be epitaxially grown upon the
semiconductor surtace 412a of the semiconductor layers 412.
Method 600 may then proceed to block 604.

In block 604, the butfer layer 432 may be epitaxially grown
upon the second surface 430q of the second water 430 of the
second subassembly 404. Method 600 may then proceed to
block 606.

In block 606, the semiconductor layers 436 may be epi-
taxially grown upon the buller surface 432a of the butler layer
432 of the second subassembly 404. As described above, the
semiconductor layers 436 may be lattice-mismatched to the
second water 430. Method 600 may then proceed to block
608.

In block 608, the second bonding layer 440 may be epi-
taxially grown upon the semiconductor surface 436a of the
semiconductor layers 436 of the second subassembly 404. As
discussed above, the second bonding layer 440 may be lat-
tice-mismatched to the second water 430. The second bond-
ing layer 440 may also be lattice-mismatched to the first
bonding layer 420 of the first subassembly 402. Method 600
may then proceed to block 610.

In block 610, the first subassembly 402 and the second
subassembly 404 may be directly bonded to one another at the
first bonding surface 420a and the second bonding surface
440a, thus creating the semiconductor device 500 (shown 1n
FIG. 5). Specifically, the first bonding surface 420a and the
second bonding surface 440a (FIG. 4) may be placed 1n
contact with one another, and heated to the bonding tempera-
ture. The first bonding layer 420 and the second bonding layer
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440 diffuse together to form the bonded interface 450 (seen 1n
FIG. §). Method 600 may then terminate.

FIG. 7 illustrates an alternative embodiment of preas-
sembled structure 700 according to an embodiment of the
disclosure. The preassembled structure 700 may include a
first subassembly 702 and a second subassembly 704. The
first subassembly 702 may include a first water 710, first
semiconductor layers 712, a buffer layer 714, second semi-
conductor layers 716, and a first bonding layer 720. The first
semiconductor layers 712 may be directly adjacent and upon
a first surtface 7104 of the first water 710. In one embodiment,
the first semiconductor layers 712 may be a photovoltaic
device, or a solar cell having one or more subcells. The butfer
layer 714 may be epitaxially grown upon a first semiconduc-
tor surface 712aq of the first semiconductor layers 712. Similar
to the butier layer 432 of the second subassembly 404 shown
in FIGS. 4-5, the buifer layer 714 may also be a metamorphic
transparent graded buifer. The second semiconductor layers
716 may be directly adjacent and upon a butter surface 714a
of the buifer layer 714. The second semiconductor layers 716
may also be a photovoltaic device, or a solar cell having one
or more subcells. The first bonding layer 720 may be directly
adjacent and upon a second semiconductor surface 716a of
the second semiconductor layers 716.

Similar to the embodiments as described above and shown
in FIGS. 1-6, the first wafer 710 may be a semiconductor
selected from group III-V materials. In an embodiment, the
first water 710 may be selected from the group consisting of
silicon (S1), germanium (Ge), Gallium Arsenide (GaAs),
Indium Phosphide (InP), Gallium Phosphide (GaP), Gallium
Antimonide (GaShb), Galllum Indium Arsenide (GalnAs),
Gallium Indium Phosphide (GalnP), Gallium Indium Nitride
Ga(In)N materials. The first semiconductor layers 712 may
be epitaxially grown upon the first surface 710a of the first
waler 710, and may be lattice-matched to the first water 710.

The buffer layer 714 may be epitaxially grown upon the
first semiconductor surface 712a of the first semiconductor
layer 712. The butfer layer 714 may be used to epitaxially
grow material that 1s lattice-mismatched to the first water 710.
For example, 1n the embodiment as shown 1n FIG. 7 the butlfer
layer 714 may be used to grow the second semiconductor
layers 716, which may be lattice-mismatched to the first
water 710.

The first bonding layer 720 may be epitaxially grown upon
the second semiconductor surface 716a of the second semi-

conductor layers 716. Similar to the embodiment as shown 1n
FIGS. 1-6 and described above, the first bonding layer 720

may be an (Al)(Ga)InP(As)(Sb) material, and in one embodi-
ment may have a relatively high dopant concentration equal to
or greater than about 5x10'®/cm’. In the embodiment as
shown 1n FIG. 7, the first bonding layer 720 may be lattice-
mismatched to the first water 710 and lattice-matched to the
second semiconductor layers 716, and may include a first
bonding surface 720a.

The second subassembly 704 may include a second water
730, a buffer layer 732, semiconductor layers 736, and a
second bonding layer 740. In the embodiment as shown 1n
FIG. 7, the buffer layer 732 may be directly adjacent and upon
a second surface 730q of the second water 730. The semicon-
ductor layers 736 may be directly adjacent and upon a buifer
surface 732a of the bulfer layer 732. The second bonding
layer 740 may be directly adjacent and upon a semiconductor
surtace 736a of the semiconductor layers 736.

Similar to the embodiment as described above and shown
in FIGS. 1-6, the second water 730 may be a Ge substrate, and
may be used as a growth substrate as well as for structural
support. Specifically, the second water 730 may be used as a
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substrate for epitaxial growth of the butifer layer 732, as well
as the main mechanical support for an assembled semicon-
ductor device 800 (shown 1n FIG. 8). The buifer layer 732

may be epitaxially grown upon the second surtace 730a of the
second water 730. In one embodiment, the second water 730
may 1nclude an active Ge subcell 734. However, it 1s to be
understood that in some embodiments, the Ge subcell 734
may be omaitted.

The butfer layer 732 may be epitaxially grown upon the
second surface 730a of the second water 730. The buller layer
732 may be a metamorphic transparent graded buifer. The
butiler layer 732 may be used to epitaxially grow material that
1s lattice-mismatched to the second water 730. For example,
in the embodiment as shown 1n FIG. 7, the builer layer 732
may be used to grow the semiconductor layers 736, which
may be lattice-mismatched to the second water 730. Specifi-
cally, the semiconductor layers 736 may be epitaxially grown

upon the butler surface 732a of the butler layer 732.

The second bonding layer 740 may be epitaxially grown
upon the semiconductor surface 736a of the semiconductor
layers 736. The second bonding layer 740 may include a
second bonding surface 740q. Similar to the first bonding
layer 720 of the first subassembly 702, the second bonding
layer 440 may be an (Al)(Ga)InP(As)(Sb) material, and may
have a relatively high dopant concentration equal to or greater
than about 5x10"%*/cm”. In the embodiment as shown in FIG.
7, both the semiconductor layers 736 and the second bonding
layer 740 of the second subassembly 704 may be lattice-
mismatched to the second wafer 730. The semiconductor
layers 736 and the second bonding layer 740 may be lattice-
matched to each other. Moreover, the first bonding layer 720
of the first subassembly 702 may be lattice-mismatched to the
second bonding layer 740 of the second subassembly 704.

FIG. 8 1s an 1llustration of the semiconductor device 800
according to an embodiment of the disclosure, where the first
bonding layer 720 and the second bonding layer 740 have
been bonded together to join the first subassembly 702 to the
second subassembly 704. Similar to the embodiment as
shown 1 FIGS. 2 and 3, the first subassembly 702 and the
second subassembly 704 may be directly bonded to one
another by placing the first bonding layer 720 and the second
bonding layer 740 1n direct contact with one another, where
heat and pressure may be applied to bond the first subassem-
bly 702 and the second subassembly 704 together. Referring
to FIGS. 7-8, the first bonding surface 720q and the second
bonding surface 740a may be placed 1n contact with one
another, and diffuse together to form a bonded interface 750.

FIG. 9 illustrates an exemplary process flow diagram of a
method 900 for creating the semiconductor device 800 as
shown in FIG. 8. Referring generally to FIGS. 7-9, the
method 900 may begin at block 902, where the first semicon-
ductor layers 712 may be epitaxially grown upon the first
waler 710 of the first subassembly 702. As described above,
the first semiconductor layers 712 may be lattice-matched to
the first water 710. Method 900 may then proceed to block
904.

In block 904, the butfer layer 714 may be epitaxially grown
upon the first semiconductor surface 712a of the first semi-
conductor layers 712 of the first subassembly 702. Method
900 may then proceed to block 906.

In block 906, the second semiconductor layers 716 may be
epitaxially grown upon the buffer surface 714a of the butifer
layer 714 of the first subassembly 702. As described above,
the second semiconductor layers 716 may be lattice-mis-
matched to the first water 710. Method 900 may then proceed
to block 908.
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In block 908, the first bonding layer 720 may be epitaxially
grown upon the second semiconductor surface 716a of the
second semiconductor layers 716 of the first subassembly
702. As described above, the first bonding layer 720 may be
lattice-mismatched to the first water 710, but may be lattice-
matched to the second semiconductor layers 716. Method 900

may then proceed to block 910.
In block 910, the butfer layer 732 may be epitaxially grown

upon the second surface 730q of the second water 730 of the
second subassembly 704. Method 900 may then proceed to
block 912.

In block 912, the semiconductor layers 736 may be epi-
taxially grown upon the butfer surface 732a of the buller layer
732 of the second subassembly 704. As described above, the
semiconductor layers 736 may be lattice-mismatched to the
second water 730. Method 900 may then proceed to block
914.

In block 914, the second bonding layer 740 may be epi-
taxially grown upon the semiconductor surface 736a of the
semiconductor layers 736 of the second subassembly 704. As

discussed above, the second bonding layer 740 may be lat-
tice-mismatched to the second water 730, as well as the first

bonding layer 720 of the first subassembly 702. The second
bonding layer 740 may also be lattice-matched to the semi-
conductor layers 736. Method 900 may then proceed to block
916.

In block 916, the first subassembly 702 and the second

subassembly 704 may be directly bonded to one another at the
first bonding surface 720a and the second bonding surface
740a, thus creating the semiconductor device 800 (shown 1n
FIG. 8). Specifically, the first bonding surface 720a and the
second bonding surface 740aq (FIG. 7) may be placed 1n
contact with one another, and heated to the bonding tempera-
ture. The first bonding layer 720 and the second bonding layer
740 diffuse together to form the bonded interface 750 (seen 1n
FIG. 8). Method 900 may then terminate.

Referring generally to FIGS. 1-9, the disclosed semicon-
ductor devices as described above may 1include a wider range
of bandgap combinations between the various device compo-
nents when compared to some other types of semiconductor
devices currently available that only include directly bonded
lattice-matched device components. This 1s because all the
disclosed semiconductor devices as described above each
include directly bonded lattice-mismatched device compo-
nents. Lattice-mismatching various device components may
widen the possible range of bandgap combinations and may
also enhance material quality of the semiconductor device. It
should be noted that direct bonding of metamorphic compo-
nents 1s typically not practiced in industry at this time.

Additionally, the disclosed semiconductor devices each
include the Ge substrate, and may include the active Ge
subcell. The Ge subcell may be used to replace an epitaxially-
grown GalnAs subcell including an energy bandgap of about
0.7 eV, which 1s typically found 1n a semiconductor device
that 1s grown using verted metamorphic (IMM) technolo-
gies. The Ge subcell may have equal or better performance
retention after radiation when compared to the GalnAs sub-
cell found 1n semiconductor devices grown using IMM tech-
nologies. Replacing the GalnAs subcell with the active Ge
subcell may substantially reduce the overall cost of the semi-
conductor device. Moreover, semiconductor devices grown
using IMM technologies may also require an additional
device handle as well. In contrast, the disclosed Ge substrate
may be used as the main mechanical support for the semicon-
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ductor device. Thus, no additional device handle may be
needed. The disclosed Ge substrate may provide other ben-
efits during semiconductor fabrication as well such as, for
example, spalling compatibility, etching chemical selectivity,
and simplicity 1 back-side metal contacts having substrate
polarity. The Ge substrate may be relatively thin (e.g., having
a thickness of about fifty microns), which may also reduce the
overall mass of the disclosed semiconductor devices. Also,
the Ge substrate may provide an enhanced power density.

For example, 1n one embodiment the disclosed semicon-
ductor device may be a directly bonded five junction solar cell
grown on a Ge substrate including an active Ge subcell.
Specifically, the solar cell may be comprised of a first subas-
sembly 1ncluding lattice-matched device components with
relatively high energy bandgaps (e.g., ranging from about 1.3
eV to about 2.0 eV). The first subassembly may be directly
bonded to a second subassembly. The second subassembly
may 1nclude the Ge substrate, a single buflfer layer, and a
device component grown upon the buller layer and lattice-
mismatched to the Ge substrate. The active Ge subcell of the
Ge substrate and the device component of the second subas-
sembly may include relatively low energy bandgaps (e.g.,
0.67 eV for the Ge subcell and 1.0-1.1 eV {for the device
component). Some types of solar cells currently available that
are grown using IMM technologies may include multiple
butler layers to absorb the strain of lattice-mismatch between
various device components. In contrast, the exemplary solar
cell as described only includes one butfer layer, which may
reduce the overall cost.

While the forms of apparatus and methods herein
described constitute preferred embodiments of this invention,
it 15 to be understood that the invention 1s not limited to these
precise forms of apparatus and methods, and the changes may
be made therein without departing from the scope of the
invention.

What 1s claimed 1s:

1. A semiconductor device, comprising:

a first subassembly comprising a first bonding layer and a
first substrate, wherein the first substrate 1s constructed
of either a group I11-V maternal or germanium (Ge); and

a second subassembly, comprising:

a second substrate constructed of Ge; and

a second bonding layer directly bonded to the first bond-
ing layer, wherein the first bonding layer and the
second bonding layer are lattice-mismatched to one
another, and wherein at least one of the following 1s
selected:

the first bonding layer 1s lattice-mismatched to the first
substrate, and the second bonding layer 1s lattice-
mismatched to the second substrate.

2. The semiconductor device of claim 1, wherein the sec-
ond bonding layer 1s lattice-mismatched to the second sub-
strate.

3. The semiconductor device of claim 2, wherein a butier
layer 1s epitaxially grown on the second substrate.

4. The semiconductor device of claim 1, wherein the sec-
ond substrate includes an active Ge subcell.

5. The semiconductor device of claim 1, wherein the sec-
ond subassembly includes semiconductor layers lattice-mis-
matched to the second substrate.

6. The semiconductor device of claim 1, wherein the first
bonding layer 1s lattice-mismatched to the first substrate.

7. The semiconductor device of claim 1, wherein the first
subassembly 1ncludes first semiconductor layers lattice-
matched to the first substrate.
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8. The semiconductor device of claim 7, wherein the first
subassembly includes a butler layer epitaxially grown on the
first semiconductor layers.

9. The semiconductor device of claim 8, wherein the first
subassembly includes second semiconductor layers lattice-
mismatched to the first substrate.

10. The semiconductor device of claim 9, wherein the
second semiconductor layers are epitaxially grown on the
butfer layer.

11. The semiconductor device of claim 1, wherein at least
one of the first subassembly and the second subassembly
includes one of a photovoltaic device and a solar cell.

12. A method of making a semiconductor device, compris-
Ing;

providing a first subassembly comprising a first bonding

layer and a first substrate, wherein the first substrate 1s
constructed of erther a group I1I-V material or germa-
nium (Ge);

providing a second subassembly comprising a second sub-

strate constructed of Ge and a second bonding layer;
directly bonding the first bonding layer and the second
bonding layer together, wherein the first bonding layer

and the second bonding layer are lattice-mismatched to
one another; and
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selecting at least one of the following:

lattice-mismatching the first bonding layer to the first sub-

strate, and lattice-mismatching the second bonding layer
to the second substrate.

13. The method of claim 12, comprising selecting lattice-
mismatching the second bonding layer to the second sub-
strate, and epitaxially growing a bulifer layer on the second
substrate.

14. The method of claim 13, comprising epitaxially grow-
ing the second bonding layer upon the bufler layer.

15. The method of claim 12, comprising creating an active
Ge subcell within the second substrate by a diffusion of
dopants into a layer of the second substrate.

16. The method of claim 12, comprising epitaxially grow-
ing first semiconductor layers upon the first substrate of the
first subassembly, wherein the first semiconductor layers are
lattice-matched to the first substrate.

17. The method of claim 16, comprising epitaxially grow-
ing a butler layer upon the first semiconductor layers.

18. The method of claim 17, comprising epitaxially grow-
ing second semiconductor layers on the butler layer, wherein
the second semiconductor layers are lattice-mismatched to
the first substrate, and wherein the first bonding layer 1s

lattice-mismatched to the first substrate.
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